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ABSTRACT

Effluent from a fish tank with Nile tilapia (Oreochromis niloticus) was treated in a system
of two parallel fixed-bed anaerobic reactors followed by a suspended stirred, anoxic reactor for
solids, organic matter and nitrogen removal. Microbial community structure was compared
between the reactors and an enriched anammox culture originated from anaerobic sludge by
using the PCR (Polymerase Chain Reaction) and DGGE (Denaturing Gradient Gel
Electrophoresis) techniques. DGGE analysis revealed three large microbial clusters, namely,
the biomass in the inoculum, the biomass growing in the reactors, and the enriched anammox
culture. The similarity between the microbial community recovered from the anaerobic reactors
and the anammox community was considered low (32.7%), suggesting differentiation of the
bacterial community as a function of the selection of specific anammox groups. The last step
in the anoxic reactor had worsened the effluent quality. The potential of organic matter and
ammonia removal in a single anaerobic reactor was demonstrated.

Keywords: anaerobic reactors, anammox, denitrification, DGGE, nitrification.

Avaliagdo de reatores anaerobios e anoxico instalados em série para
tratamento de efluentes de tanques de piscicultura

RESUMO

Efluentes de um tanque de peixes de cultivo de tilapia do Nilo (Oreochromis niloticus)
foram tratados em um sistema de dois reatores anaerdbios de leito fixo paralelos e seguido por
um reator agitado suspenso sob ambiente anoxico para remocao de solidos, matéria organica e
nitrogénio. A estrutura da comunidade microbiana foi comparada entre os reatores e uma
cultura enriquecida de anammox originada de lodo anaerobio por PCR (Reagdo em Cadeia de
Polimerase) e DGGE (Eletroforese em Gel de Gradiente Desnaturante). A andlise de DGGE
revelou trés grandes aglomerados microbianos, a saber, a biomassa do indculo, a biomassa nos
reatores e a cultura de anammox enriquecida. A similaridade entre a comunidade microbiana
recuperada dos reatores anaerobios e a comunidade anammox foi considerada baixa (32,7%),
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sugerindo diferenciacdo da comunidade bacteriana em funcdo da sele¢do de grupos especificos
de anammox. Embora o reator andxico tenha piorado a qualidade do efluente, os resultados
indicam o potencial de remogao de matéria organica e amdnia em um Unico reator anaerdbio.

Palavras-chave: anammox, desnitrificacdo, DGGE, nitrificagdo, reator anaerobio.
1. INTRODUCTION

Fish production is carried out in intensive and semi-intensive systems by small producers.
Fish farming in excavated tanks is largely responsible for semi-intensive and intensive systems,
where animals are kept and raised throughout the growing period at high stocking densities
(Malpartida Pasco et al., 2018). Animals are fed with high levels of protein that are only
partially assimilated, resulting in an excess of this nutrient in the environment (Kaushik and
Seiliez, 2010). The main product excreted by aquatic organisms that have been fed with proteins
iIs ammonia. Excessive feeding and excretion contributes to the increase of nitrogen
concentration in fish ponds, which can cause toxicity by nitrogen compounds such as ammonia,
nitrite and nitrate (Silva et al., 2017). In order to minimize the impacts of nitrogen compounds
in fish ponds, producers constantly renew the water without treating the discharged effluent,
impacting the receiving rivers. (Coldebella et al., 2017).

The conventional process of nitrogen removal from wastewater is carried out through
aerobic nitrification and anaerobic denitrification. In the first aerobic phase, Nitrosomonas spp.
oxidize ammonia to nitrite and, in the second phase, Nitrobacter spp. oxidize nitrite to nitrate.
Anaerobic denitrifying bacteria reduce nitrate and nitrite to nitrogen gas (Khin and
Annachhatre, 2004). These reactions are widely known and have been successfully applied in
most wastewater treatment systems (Egli et al., 2001). However, this process has some
limitations when the objective is to treat effluents containing high concentrations of nitrogen
and low concentration of carbon (low C / N ratio) since there are difficulties in the transfer of
large amounts of oxygen necessary for nitrification and the need for a large amount of
biodegradable organic matter in the denitrification phase (Xing and Clark, 2012). Fish farming
effluents are characterized by the high concentration of biochemical oxygen demand (BOD)
and the presence of organic and inorganic matter; in this way the efficiency of the process can
be impaired and other processes must be explored.

Anammox has become an important subject in the fields of microbiology and
environmental engineering because this process has several advantages, including low sludge
production, low energy consumption, and no requirement for external organic carbon (Daverey
etal., 2015).

The anammox process was investigated in a denitrifying reactor by Mulder et al. (1995).
Ammonia (NH4") is converted into gaseous nitrogen using nitrite (NO2") as an electron acceptor.
The anammox process can completely replace the conventional denitrification step of
wastewater treatment systems, and save half of the aeration costs in the nitrification phase (Ma
et al., 2016).

Anammox bacteria have been detected in several ecosystems. Devol (2003) states that they
participate in the nitrogen cycle, and are responsible for 30 to 50% of the total N> production
of the planet. In addition, they have also been detected in several effluent treatment plants in
Germany (Helmer et al., 1999), Switzerland (Egli et al., 2001), England (Schmidt et al., 2003),
Belgium (Pynaert et al., 2003), and Australia (Toh and Ashbolt, 2002). The presence of such
bacteria in aquatic ecosystems suggests that they are found in any ecosystem that contains
nitrogen and has anaerobic zones (Francis et al., 2007).

CANON (Completely Autotrophic Removal of Nitrogen Over Nitrite) is another
innovative process. It is the combination of nitrification processes via nitrite and anammox,
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developed in a single reactor aerated by two groups of bacteria (Sliekers et al., 2002). The first
group is Nitrosomonas spp., which oxidizes ammonia to nitrite by consuming oxygen and
creating anaerobic conditions for the second group, represented by the anaerobic bacteria
Planctomycetales, which are responsible for the anammox nitrogen removal process. (Ahn,
2006).

The anammox and CANON processes are considered to be a good alternative for biological
nitrogen removal in wastewater treatment (Van Dongen et al., 2001), and can reduce up to 90%
of operating costs (Jetten et al., 2001). In the review study by Nozhevnikova et al. (2012) on
the application of the anammox process in the biotechnological treatment of effluents, the
authors pointed out a 25% reduction in aeration costs compared to a complete nitrification
process, a 40% reduction in costs by not adding organic carbon and a reduction of carbon
dioxide emissions of 20%.

The anammox process has been used for the treatment and reduction of nitrogen
compounds in agricultural environments in recent years, including treatment of anaerobic
digestion effluents from food and fruit/vegetable waste, livestock manure, cannery wastewater,
and sludge (Dapena-Mora et al., 2006; Fernandes et al., 2018; Kindaichi et al., 2016; Wu et al.,
2019; Zhao et al., 2015).

Castine et al. (2012) observed in a settlement pond for the treatment of aquaculture
waste the removal of nitrogen compounds and the production of nitrogen gas by denitrification
and anammox processes. Other authors have also found the presence of anammox bacteria in
fish production systems (Van Duc et al., 2018; Li and Gu, 2016; Tal et al. 2006; Van Kessel et
al. 2011; Shen et al. 2016; Lahav et al. 2009) showing the potential for the study and
development of technologies for this production system.

According to Dapena-Mora et al. (2006), the anammox bacteria have specific conditions
of development and very slow growth, an 11-day period according to Jetten et al. (2001).
Therefore, some techniques were developed to obtain anammox biomass.

To have an optimal performance in the anammox process, the effluent must have some
specific characteristics, such as low organic load and high ammonia concentration. For the
success of the anammox process, it is necessary to have anammox bacteria in the system and to
provide the appropriate anaerobic conditions (Nozhevnikova et al., 2012).

Van Duc et al. (2018) enriched anammox bacteria in continuous compacted bed columns
with marine sediment from a shrimp pond and had a nitrogen removal efficiency of 88% at a
nitrogen loading rate of 1 kg.m3.h?. The authors showed that it is possible to obtain an
anammox culture from marine sediment and also to reduce nitrogen compounds in an
aquaculture treatment system with the anammox process.

Ding et al. (2017) tested three conventional sludges in sequencing batch reactors for
Anammox enrichment, including conventional aerobic sludge, denitrification sludge, and
anaerobic sludge. The anammox process was completely stabilized in the reactor with
denitrifying sludge, obtaining 80% nitrogen removal in 150 days. Despite the favorable
environment for the development of bacteria, the authors observed a fluctuation of nitrogen
removal rates throughout the process. Microbiological analysis helped to more easily diagnose
what was happening in each reactor.

Mirza et al. (2020) evaluated three different inoculum sources for the anammox process,
i.e., anaerobic, aerobic and anoxic sludge from conventional sewage treatment plants.
Anaerobic sludge was close to stoichiometric nitrite in ammonia utilization (1.2:1) and resulted
in the highest ammonia removal (12.2 mg NH4+* g VS day).

Microbial community analysis was carried out by molecular biology tools in treatment
systems (Xiao et al., 2009). Genetic fingerprinting of microbial communities provides banding
patterns or profiles that reflect the genetic diversity of the community in a given environment.
Denaturing gradient gel electrophoresis (DGGE) of PCR amplified gene fragments is one of
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the genetic fingerprinting techniques most widely used in microbial ecology studies on
bioreactors (Cabezas et al., 2015). DGGE allows the simultaneous analysis of multiple samples
and the comparison of microbial communities based on temporal and spatial differences
(Muyzer and Smalla, 1998).

Therefore, it is interesting to look for alternatives and new discoveries for the removal of
ammonia, technologies that help fish farmers in managing their production or building an
effluent treatment system. It is also important to look for new sources of anammox bacteria and
how different groups of bacteria can help remove nutrients and organic matter in a treatment
system.

In this study, we evaluated the performance of an anaerobic and anoxic mixed biomass for
the treatment of fish waste effluent in anaerobic reactors, and an agitated anoxic reactor for
removing organic matter, ammonia, nitrite and nitrate by partial nitrification and the anammox
process.

2. MATERIAL AND METHODS

2.1. Treatment System for effluent from fish tank

Figure 1 shows the scheme of the experimental setup and the sampling points for
monitoring. The glass fish tank F, with a volume of 140 L, was supplied with dechlorinated
water from tank W, of 250 L by gravity at a flow rate of 50 L h™* for 90 days and thereafter was
reduced to 20 L ht. The higher flow rate was applied for fish adaptation and observation of the
treatment system. Nevertheless, the ammonia concentration was not high enough for the
selection of anammox bacteria and for this reason the flow rate was decreased to 20 L h* and
maintained throughout the experiment. Therefore, from the 90th day, the flow rate was reduced
to 20 L h' to increase the concentration of ammonia in the treatment system.

w

I —

/

Figure 1. Experimental scheme. W, water supply reservoir; F, fish tank; R,
upflow fixed-bed anaerobic reactor; C, suspended stirred reactor.

To simulate the intensive culture, the fish tank was inhabited by juvenile fish Nile's tilapia
species (Oreochromis niloticus) with an initial weight of 27 + 3 g and a biomass density of 5 g
LL. The fish were donated by a Nile tilapia producer from the city of Mogi Mirim, SP, Brazil.
The fishes were fed three times a day with a balanced ration containing 30% crude protein until
satiety, limited to 3% of the average weight of the animals (Kubitza, 2000). Dissolved oxygen
(DO) was measured daily to keep the concentration of 3.4+1.06 mg L™ by the air compressor
Boyu® ACQ-001. The low DO in the fish tank is in order to not compromise the anaerobic
activity of the treatment reactors. The tolerance of low DO of tilapia is higher than other farmed
fish, some tilapia can tolerate an environment with DO between 2.5-3.0 mg L™ for 12 weeks
without affecting their growth or mortality (Abdel-Tawwab et al., 2015; Li et al., 2018). A Nile
tilapia was chosen for this study because it is a species that adapts to these extreme conditions.

For anaerobic treatment, two parallel upflow fixed-bed anaerobic reactors (FBR) were
assembled, made in polypropylene, R (Figure 1) and with volume of 170 L, with dimensions
0.40 x 0.60 x 0.74 m (height x width x length) each, containing immobilized biomass from an
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anaerobic baffled reactor sludge (ABRS), treating cattle manure plus dairy barn effluent.
Biomass was immobilized in polyurethane foam (Biobob®) randomly disposed upon a steel
plate with holes of 2 cm, up to the upper edge of the reactors, at a height of 0.35 m.

Later, the effluent was treated in the stirred reactor, C (Figure 1), also made in
polypropylene, and with the same volume and dimensions of the FBR; the biomass grew in
suspension, under limited aeration by a submerged pump to enable partial nitrification. This
reactor was conceived to operate according to the CANON process, in which nitrite and
ammonia should be later removed by anammox biomass in a single reactor (Khin and
Annachhatre, 2004).

All the reactors were kept at room temperature; however, they were externally coated with
styrofoam plates to minimize the changes of the inside temperature. The treatment system
operated for 240 days.

2.2. Chemical Analysis

The pH, temperature, dissolved oxygen (DO), turbidity, color, and conductivity of the
water were measured daily to ensure the welfare of the animals. Analyses of pH, temperature,
conductivity and DO were measured by precision electrodes. Turbidity and color were
measured by spectrometry. These analyses were performed according to Standard Methods for
Examination of Water and Wastewater (APHA et al., 2005).

During monitoring, samples of supply water (W) and fish tank (F), anaerobic reactors (R)
and anoxic reactor effluent (C) (Figure 1), were collected weekly for analyzing chemical
oxygen demand (COD), total nitrogen (TN), total carbon (TC), and total solids (TS). Analyses
of TN and TC were performed by catalytic oxidation with combustion at 680°C in a Shimadzu®
brand analyzer, Model TNM-L. The COD measurement was performed by oxidizing organic
matter using potassium dichromate as an oxidant in the presence of sulfuric acid and silver ions.
The samples were digested in the digester block HACH COD Reactor, and after 2 hours they
were read by absorbance on a spectrophotometer HACH DR4000U, according to Standard
Method 5220 D (APHA et al., 2005).

For TS, the porcelain capsule was cleaned and dried in a drying oven at a temperature
ranging between 103-105°C for 1 hour. After cooling to room temperature the capsule was
weighed and the value recorded. The sample was well homogenized, taking care to eliminate
previously possible interference. One hundred mL of the sample was measured, and transferred
to the porcelain capsule. Again the evaporation process was done, this time using the sample in
the oven at 103-105°C for 60 minutes. After evaporation, the capsule was taken to the desiccator
and allowed to cool. The capsule was then weighed again. The TS value was obtained by the
difference in the weighing values. TS analyses were performed according to Standard Methods
for Examination of Water and Wastewater (APHA et al., 2005).

2.3. Statistical Analysis

All statistical analyses were performed with a 5% significance. Parametric or
nonparametric data were verified by D' Agostino's method (D’Agostino et al., 1990).
Hypotheses were tested by ANOVA and Kruskal-Wallis methods (Kruskal, 2007), for
parametric and nonparametric data, respectively.

2.4. Bacterial community analysis

The similarity between the microbial community growing in the anaerobic and anoxic
reactors and an enriched anammox microbial community was assayed by the molecular tool
PCR/DGGE. All microbial communities were obtained from the same original inoculum, i.e.,
ABRS. Anaerobic Sludge is a suitable inoculum for anammox enrichment (Mirza et al. 2020).
The enriched anammox culture originated from a parallel study, with the objective of obtaining
anammox bacteria, which had the biomass of an ABRS as inoculum, and was selected in a
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sequential batch reactor after 210 d fed with autotrophic medium according to Dapena-Mora et
al. (2006) (data not shown).

An aliquot from inoculum (I), anammox biomass (E), anaerobic reactor sludge (R), and
stirred reactor sludge (C) were centrifuged at 3,000 rpm for 5 minutes until at least 5 mL of
biomass in triplicate.

Total DNA of the microbial community was extracted from each biomass sample (300 L)
using PowerSoil DNA lIsolation Kit (Mobio), according to manufacturer's instructions. The 16S
rRNA gene was partially amplified by PCR reactions using total DNA of the microbial
community as a template and the primer pair 341f (coupled to a clamp with high GC content)
and 907r (Muyzer et al., 1993; Muyzer and Smalla, 1998), which are complementary to
conserved regions of the 16S rRNA gene of Domain Bacteria. PCR reactions were performed
at a final volume of 50 uL containing 1X PCR buffer (Invitrogen), 1.5 mM MgCl, 0.2 uM
dNTP Mix (Invitrogen), 0.5 uM of each primer, 2.0 U Tag DNA Polymerase (Invitrogen), and
5.0 uL of the DNA sample (~50 ng).

Amplification was carried out on a GeneAmp PCR System 9700 (Applied Biosystems),
and the amplification program consisted of 1 denaturation cycle at 94°C for 5 min; 35 cycles at
94°C for 1 min, 60°C for 1 min, and 72°C for 2 min, followed by 10 cycles at 60°C for 30
seconds and 72°C for 1 min. PCR products were first confirmed on 1% agarose gel stained with
0.02 uL / mL SYBR Safe 10,000X in DMSO (Invitrogen). Amplicons were then subjected to
denaturing gradient gel electrophoresis (DGGE) in the Ingeny phor U-2 system (Ingeny
International BV®), in which 15 pL of PCR products were applied to a 6% polyacrylamide gel
at a voltage of 100 V for 15 hours. The denaturing gradient (urea and formamide) of the gel
used for separation of the DNA fragments ranged from 40% to 65%. After electrophoresis, the
gel was stained with 10 mL of a solution containing 4 uL SYBR Gold (Invitrogen®) in 1X TAE
buffer for 1 hour in the dark.

DGGE polymorphic band profiles were analyzed by the Bionumerics software (Version
6.6; Applied Maths, Kortrijk, Belgium) after conversion and normalization of the profiles using
the bands present in the molecular marker as standard. Band profiles were combined in a single
image and analyzed per band, where the bands were automatically selected by the program and
visually inspected and corrected, using default parameters and the Dice coefficient. The
UPGMA (Unweighted Pair Group Method with Arithmetic Mean) algorithm was used to
construct the similarity dendrogram.

3. RESULTS AND DISCUSSION

3.1. Performance of anaerobic and anoxic reactors for removal of organic matter and
nitrogen

Table 1 shows the water quality in the fish tank (F) and in the biological reactors R and C
(Figure 1). The mean values of temperature, pH, DO, turbidity, color and electrical conductivity
(EC) of the fish tank water were in accordance with the recommended values for the fish species
used (Makori et al., 2017).

In Figure 2, we show the content of the pollutants, organic matter, total nitrogen, total
carbon, ammonia, nitrite, and nitrate, expressed in volumetric load in the fish tank (F),
anaerobic reactors (R) and after the stirred reactor (C).

There was a 20.7% reduction in turbidity after treatment in the anaerobic reactor due to the
retention of solids. The C reactor reduced an additional 55.4%, resulting in a total reduction of
64.6%. The total solids load was reduced from 179.5 g TS d to 127.0 g TS d* (29.2% less)
(data not shown). Beli et al. (2010) observed a reduced turbidity in 87% operating an
aerobic/anaerobic combined treatment using anaerobic baffled reactor followed by a sand filter.
Sanchez et al. (2016) achieved 58.2% in suspended solid removal with a biofilter using sand as
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support material. In our study, we obtained TS removal of 48% combining the anaerobic reactor
and the stirred reactor. The total removal efficiency showed that the system of anaerobic and
aerobic reactors in series was effective in the retention of solids from Nile tilapia production.

Table 1. Quality parameters for water in the fish tank (F),
upflow fixed-bed anaerobic reactor (R), suspended stirred
reactor (C).

F R C
Temperature (°C) 24+18 2417 24+18
pH 727029 7.25+023 7.30%0.24

DO (mg O, LY 34+106 05+01 05+0.1
Turbidity (NTU) ~ 2.32+2.04 1.84+0.78 0.82+0.49
Color 32+ 46 14 +12 11+7
Conductivity (uScm™)  340+76  319+137 318+132

900
a
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Z 600 7 e
@ 500 .
E 0 ——F (fish tank)
[a] .
g 300 R (anaerobic reactor)
200 —A——s  ——C (stirred reactor)
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o
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Time (days)
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Time (days) Time (days)
Figure 2. Volumetric loads of COD (a), TC (b), TN (c), Ammonia (d),

TS (e), Nitrate (f) and Nitrite (g) in the fish tank (F), anaerobic reactor
(R) and after stirred reactor (C) for 240 days.

The DO in the aquarium was 3.2 mg L. In the anaerobic reactor, the DO was 0.5 mg L.
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The reduction of dissolved oxygen in the anaerobic reactor was due to the low flow and the
period of stabilization of the liquid in the anaerobic tank. The low concentration of DO in the
reactor C makes it possible to remove nitrogen by the CANON process. The concentration of
organic matter and the NO> / NHs ratio close to 1 also favors the CANON process.

According to Figure 2, carbon and nitrogen (b and ¢) mean loading rate of the anaerobic
reactor was 186.85 g m= d* and 48.91 g m3 d?, i. e., ratio C/N 3.82. The mean carbon and
nitrogen load were reduced to 69.90 g m= d* (62.59%) and 15.99 g m= d* (67.31%) in the
anaerobic reactors, resulting in a C/N ratio of 4.37 for the anoxic reactor. In reactor C, there
was an increase in the average carbon and nitrogen load to 55.55 g m= d* and 10.48 g m= d*3,
respectively. In reactor R, the volumetric organic load (COD) (a) was reduced from 585.27 to
113.73 g m= d? (80.6%), and in reactor C it was increased to 149.95 g COD m= d. This
increase was due to biomass growth, since the sample was not filtered before the analysis.

During the first 60 days, the rate of water renewal in the fish tank was higher (50 L h* for
90 days, and then the flow rate decreased to 20 L ht), so the organic load in the anaerobic
reactor was lower (388 + 120 gCOD m d1), increasing to 635 + 106 gCOD m= d! in the next
240 days due to the reduction of water flow and the consequent increase in the COD
concentration in the fish tank and in the reactors. The growth of biomass in the anaerobic reactor
was able to remove organic matter, the average COD load was reduced by 80.6% and the total
organic carbon was reduced by 69.0%.

Hussar and Bastos (2008), treating fish effluents with aquatic macrophytes had a COD
removal efficiency of 77.7%, considered satisfactory for the system. Correia et al. (2012),
evaluated the performance of aerobic fluidized bed reactors with internal circulation in
removing carbon through the treatment of different wastewater. When assessing the fish
farming effluent, they had 75% carbon removal. Other authors, such as Davidson et al. (2008),
reported the removal of carbon above 60% in biphasic fluidized bed reactors, with sand as a
support and biofilm thickness control for the treatment of fish effluent.

Although the anaerobic reactor (R) is efficient in removing COD, in the stirred reactor (C)
the COD load increased by 24.15%, suggesting that the combination of the fixed bed anaerobic
reactor and the agitated reactor with suspended biomass was not suitable for removal of organic
matter.

The low electrical conductivity measured in average 319 pS cm™ also was a consequence
of renewal water. Conductivity is a very important factor for the operation of the Anammox
process. Tsai et al. (2019) verified that when the conductivity was between 1250-7500 uS cm”
! the total nitrogen removal rate begins to decrease slowly from 64 to 57%, being greatly
reduced when the conductivity was higher than 7500 uS cm™, i.e, from 57.1 to 40.9%.

For ammonia, the mean loading rate was reduced from 26.25 g m= d to 11.57 g m3 d'*
(55.92%) in reactor R, but it increased in reactor C to 25.11 g m™ d (Figure 2d). The mean
load of nitrite and nitrate (Figure 2f) was also reduced in the anaerobic reactors, from 12.86
gNO2 m2d? to 5.83 gNO2” m d* (54.66%) (Figure 2e), and from 22.29 gNO3s” m= d* to 7.33
gNOs” m= d1(67.11%), respectively. However, it increased in the stirred reactor, resulting in a
final effluent load of 12.50 gNO, m™ d'* and 16.67 gNOs” m™ d*?, respectively. The influent
NH3/NO- ratio at anaerobic reactor decreased from 2.04 to 1.98 in the effluent. In the stirred
reactor, this ratio increased to 2.01, higher than the stoichiometric value for the complete
anammox process, i.e., 1.23, thus indicating a lack of nitrite.

In this experiment, the water renewal rate of 20 L h? maintained a low ammonia
concentration, 3.23+2.08 mg L. However, some authors found higher ammonia concentration
in fish farming; for instance, Gonzaga et al. (2008) found 10.3 mgNHs L™ in Nile 's tilapia tank,
and Zamboni-Filho et al. (1997) found concentration above 70 mg.L' of ammonia in
polyculture tank.
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Despite receiving an effluent with DO concentrations above 3 mg L, the DO values in
the anaerobic reactor were kept close to zero. In the conventional nitrification process, low
concentrations of DO are more restrictive for the growth of nitrite-oxidizing bacteria in
comparison with ammonia oxidizing bacteria, which can cause nitrite accumulation in the
system (Philips et al., 2002). This explains the partial removal of ammonia and nitrite in the
anaerobic reactors. Ding et al. (2017) observed the inhibition of anammox activity and the
accumulation of nitrite and nitrate in reactors for enriching anammox bacteria with DO values
above 1 mg L. Corroborating the study by Jetten et al. (2001), which determines the maximum
concentration of 0.2 mgO, L™ for the development of anammox activity.

According to Peng and Zhu (2006), low concentrations of DO can cause low rates of
nitrification, and they suggest DO concentration between 1.0 and 1.5 mg L™ for nitrification.
Here, the DO concentration was maintained below 1 mg L™ in order to produce nitrite for the
anammox process, according to a stoichiometric NH4*/NO>" ratio close to 1.31, as shown in
Equation 1 (Khin and Annachhatre, 2004). In Equation 1, the last factor represents the biomass.

NH," + 1.31NO,~ + 0.0425C0, — 1.045N, + 0.22NO5~ + 1.87H,0 + 0.090H~ + 0.0425CH,0 (1)

The values of the NH4 */NO;  ratio in the system effluent were found above the theoretical
value for the anammox process, i.e., close to 1, indicating a lack of nitrite. We may infer that
the NH4 */NO>" ratio in the anaerobic and anoxic reactors did not present the best ratio for
anammoyx, indicating that partial nitrification in both reactors had ended.

Because the stoichiometric ratio for the anammox process NH3/NO>" is 1.23, and this value
is lower than values verified in the influent and effluent of the anaerobic and anoxic reactors,
2.04 and 1.98, ammonia and nitrite were partially removed in 56% and 55%, respectively.

Unfortunately, in this experiment, the effluent quality worsened after being treated in the
anoxic reactor, and ammonia and nitrite concentrations increased, suggesting that a suspended
anoxic reactor can be used to supply an anaerobic FBR with nitrite, and improve the efficiency
in the latter and not as a final unity.

Therefore, ammonia and nitrite removal should occur in a single reactor. In fact, Xiao et
al. (2009) confirmed the coexistence of nitrifiers, denitrifiers, and anammox bacteria in a single
batch sequencing reactor by using PCR-DGGE, and justified that ammonia removal occurred
due to the growth of aerobic bacteria in the surface and anaerobic bacteria inside the biofilm.
According to the authors, aerobic bacteria supply nitrite to anammox bacteria. These data
corroborate the fact that in this study we found nitrite and nitrate in the reactors, indicating the
coexistence of nitrification and anammox reactions.

The low efficiency in the anoxic reactor concerning ammonia and nitrite removal could be
explained by the presence of dissolved oxygen. The average DO concentration was 0.5 mg L™,
considering that the anammox process takes place under anoxic conditions, and low
concentrations of oxygen in the medium may already interfere with the efficiency of the
process. Strous et al. (1997) demonstrated that the activity of the anammox bacteria undergoes
a temporary inhibition if the DO concentration is up to 0.2 mg L™, and this inhibition can be
reversed under anoxic conditions. At DO concentrations between 0.2-1.0 mg L™, the bacteria
undergo complete inhibition (Strous et al., 1997).

3.2. Bacterial community

The 16S rDNA fragments were successfully amplified from the community DNA obtained
from the sludge samples (data not shown). Dendrograms generated from the DGGE band
profiles by DICE correlation coefficients are shown in Figure 3.
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Figure 3. Dendrogram of similarity based on
the DGGE band profiles of the samples,
obtained using the DICE coefficient and the
UPGMA algorithm (BioNumerics program v.
6.6). 11, 12, and 13 correspond to inoculum
samples; E1, E2 and E3, to anammox biomass;
R1, R2 and R3, to samples from the anaerobic
reactor; and C1, C2, and C3, to samples from
the stirred reactor. Values in each node
represent the percentage of similarity, and the
bar is the standard deviation.

Three distinct bacterial clusters were recovered based on the similarity dendrogram, which
corresponded to the different groups of samples analyzed. The first cluster, R, contains
microorganisms developed in the anaerobic reactor; the second cluster, C, refers to
microorganisms developed in the anoxic reactor. These two clusters were more similar (53.3%)
among each other in comparison to the others. Cluster E, which corresponds to the enriched
anammox biomass, showed 32.7% similarity with clusters R and C; whereas cluster I, which
corresponds to the inoculum used for the enrichment and starting of the reactors, was the most
distinct (22% similarity with the others).

Cultivation-independent analysis by DGGE allowed us to evaluate and compare the
complexity of the bacterial community present in the inoculum (1), enriched anammox biomass
(E), and biomass from reactors (R) and (C). The dendrogram showed the formation of three
large groups, the biomass growing in anaerobic and anoxic reactors, the enrichment biomass
anammox, and the inoculum.

The level of similarity observed between the R group and C group was 53.3% for the DICE
coefficient. The anaerobic reactor (group R) and the anoxic reactor (group C) were operated in
series, in such a way that the microorganisms developed in the anaerobic reactor were probably
taken to the anoxic reactor by the effluent. The level of similarity in the R and C reactors was
not higher because different processes of nutrient removal occurred in the reactors, which
influenced the microbial community developed in each one.

Replicates were consistent and more similar to each other than between the samples.
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Bacterial communities of R and C reactors were more similar (53.3% in the case of the DICE
coefficient) when compared with inoculum and enrichment samples. These reactors were
operated in the same conditions of dissolved oxygen, 0.5 mg L%, and both showed nitrification
and denitrification activity.

The low similarity between the band profiles of the reactor biomass (Groups R and C) in
relation to the inoculum (Group 1) may suggest that operating conditions and the characteristics
of the substrate possibly enabled the selection of specific bacterial populations that were in low
abundance in the inoculum.

Biomass from reactors also demonstrated some similarity with the anammox biomass,
32.7% as determined by DICE coefficients. The consumption of nitrite and ammonia in the R
reactor and the production of nitrate in the C reactor suggest that anammox activity took place
in both reactors.

Authors of recent studies have indicated the presence of anammox bacteria in sediments
of fish culture tanks (van Kessel et al., 2011; Lahav et al., 2009; Tal et al., 2006). The origin of
these bacteria would be the feces of the animals, and some aquatic animals possess bacteria of
the phylum Planctomycetes in their intestines (Fuerst, 2004). Some similarities observed
between fish tank treatment and enriched anammox bacteria can be explained both by the origin
of the inoculum and the possible development of anammox bacteria in fish feces.

4. CONCLUSIONS

e The rate of water renewal used in this experiment resulted in a low concentration of
ammonia, total nitrogen, nitrite and nitrate compared to values reported in the literature,
and the assay was ineffective for removing ammonia and nitrite;

e The anaerobic reactor was effective in the removal of COD, ammonia, nitrite, and nitrate
probably due to the anammox and simultaneous denitrification;

e The increase in the load of organic matter, ammonia, nitrate and nitrite in the stirred
reactor showed that this configuration of the reactor after the anaerobic reactor was not
viable for the CANON process;

e The presence of oxygen in the stirred reactor may have caused the removal of ammonia
by the partial nitrification process. However, further studies must be carried out to prove
the system as a nitrite supplier for an anaerobic reactor for the removal of ammonia by
anammox process;

e There was some similarity in the microbial community of the reactors and the anammox
community. However, the biggest similarity was observed among the anaerobic and anoxic
reactors.
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